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ABSTRACT
Double detonations in double white dwarf (WD) binaries undergoing unstable mass transfer have
emerged in recent years as one of the most promising Type Ia supernova (SN Ia) progenitor scenarios.
One potential outcome of this “dynamically driven double-degenerate double-detonation” (D6) scenario
is that the companion WD survives the explosion and is flung away with a velocity equal to its
> 1000 km s−1 pre-SN orbital velocity. We perform a search for these hypervelocity runaway WDs
using Gaia’s second data release. In this paper, we discuss seven candidates followed up with ground-
based instruments. Three sources are likely to be some of the fastest known stars in the Milky Way,
with total Galactocentric velocities between 1000 and 3000 km s−1, and are consistent with having
previously been companion WDs in pre-SN Ia systems. However, although the radial velocity of one
of the stars is > 1000 km s−1, the radial velocities of the other two stars are puzzlingly consistent with
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0. The combined five-parameter astrometric solutions from Gaia and radial velocities from follow-up
spectra yield tentative 6D confirmation of the D6 scenario. The past position of one of these stars
places it within a faint, old SN remnant, further strengthening the interpretation of these candidates
as hypervelocity runaways from binary systems that underwent SNe Ia.
Keywords: binaries: close— supernovae: general— white dwarfs
1. INTRODUCTION
Type Ia supernovae (SNe Ia) are one of the most com-
mon types of SNe in the local Universe. They are best
known for their utility as cosmological standardizable
candles (Riess et al. 1998; Perlmutter et al. 1999) and
also play a crucial role in galactic chemical evolution
(Timmes et al. 1995). There is general agreement that
the exploding star is a carbon/oxygen white dwarf (C/O
WD) and that a companion star triggers runaway nu-
clear fusion in the WD, leading to a SN Ia powered
by the decay of radioactive 56Ni (Pankey 1962; Colgate
& McKee 1969; Maoz et al. 2014). However, despite
decades of focused effort, there is no consensus regarding
the nature of the companion or the mechanism by which
the WD explodes, or even more fundamentally, whether
one or multiple progenitor scenarios are responsible.
In “single-degenerate” scenarios, the companion is a
non-degenerate hydrogen- or helium-burning star, while
in “double-degenerate” scenarios, the companion is an-
other WD. These companions may trigger an explosion
in the primary WD in a variety of ways that, in some
cases, can be shared among different companion types.
For example, models in which the growth of the pri-
mary WD leads to the ignition of convective carbon
burning, causing a deflagration, detonation, and sub-
sequent SN Ia, have been proposed for hydrogen-rich
single-degenerate donors (Whelan & Iben 1973; Nomoto
1982a), helium-rich single degenerates (Yoon & Langer
2003), and double-degenerate merger remnants (Iben &
Tutukov 1984; Webbink 1984). The double-detonation
mechanism, in which a helium shell detonation sets off
a carbon core detonation (Taam 1980; Livne 1990; Shen
& Bildsten 2014), has been proposed for helium single
degenerates (Nomoto 1982b; Woosley et al. 1986) and
for double degenerates that undergo either stable (Bild-
sten et al. 2007; Fink et al. 2007, 2010; Shen & Bild-
sten 2009) or unstable mass transfer (Guillochon et al.
2010; Dan et al. 2011; Raskin et al. 2012; Pakmor et al.
2013; Dan et al. 2015). Note that the secondary WDs in
these double-degenerate double-detonation systems do
not have to be helium core WDs, because C/O WDs are
born with significant surface helium layers.
∗ Hubble Fellow.
In all progenitor scenarios except for the subclasses
of double-degenerate scenarios in which the compan-
ion WD is completely destroyed (Iben & Tutukov 1984;
Webbink 1984; Pakmor et al. 2012; Papish et al. 2015),
the companion star will survive the explosion of the pri-
mary WD. This surviving companion will fly away from
the site of the explosion with the orbital velocity it had
prior to the explosion. The impact of the SN ejecta will
also strip material from the companion, deposit shock
energy, and possibly pollute the remaining surface lay-
ers. These effects lead to observable peculiarities of vary-
ing degree, depending on the nature of the companion
(Marietta et al. 2000; Pakmor et al. 2008; Pan et al.
2013; Shappee et al. 2013; Shen & Schwab 2017).
Searches for surviving companions within the rem-
nants of historical SNe have predominantly focused on
the relatively slow ejection velocities and small search
radii implied by single-degenerate scenarios (e.g., Ruiz-
Lapuente et al. 2004; Schaefer & Pagnotta 2012; Kerzen-
dorf et al. 2014). These studies have failed to conclu-
sively discover any surviving companions, which may
not be surprising given other mounting evidence that
single-degenerate scenarios cannot be responsible for the
bulk of SNe Ia (e.g., Leonard 2007; Kasen 2010; Gilfanov
& Bogda´n 2010; Li et al. 2011b; Bloom et al. 2012; Olling
et al. 2015; Maguire et al. 2016; Woods et al. 2017).
Only one study by Kerzendorf et al. (2018) has cov-
ered a large enough search region to probe the 1000 −
2500 km s−1 runaway velocities expected for surviving
WD companions. In their examination of the remnant
of SN 1006, no bright, blue sources resembling those
predicted by Shen & Schwab (2017) were found within
8.5′ of the remnant’s center. However, if the companion
WD has cooled significantly since the SN, it may ap-
pear as a more typical-looking WD, which would be dif-
ficult to distinguish among the other normal stars within
SN 1006’s remnant. Furthermore, if significant iron-line
blanketing occurs, or if the SN otherwise dramatically
alters the companion’s appearance, the surviving WD
would not be as blue as predicted by Shen & Schwab
(2017); such redder sources do exist within the remnant
but have yet to be systematically followed up.
In this work, we use Gaia’s second data release (DR2;
Gaia Collaboration et al. 2016, 2018) to perform an all-
sky search for hypervelocity surviving companion WDs.
3In Section 2, we make predictions for the expected state
and number of surviving WDs that may be detected by
Gaia. In Section 3, we describe our search for hyper-
velocity WDs in DR2. We detail our findings and our
follow-up efforts in Section 4, and we conclude in Section
5.
2. MOTIVATION FOR AND PROPERTIES OF A
SURVIVING COMPANION WD
In this section, we motivate the possibility that a
companion WD might survive the SN Ia and describe
its expected properties following the explosion. We
also calculate the expected number of such sources in
Gaia DR2 under the assumption that all SNe Ia yield
a surviving companion WD. We note here that we dis-
tinguish between companion WDs that survive normal
SNe Ia and the kicked bound WD remnants of explo-
sions that may lead to the peculiar class of SNe Iax
(Jordan et al. 2012; Foley et al. 2013; Long et al. 2014;
Fink et al. 2014). While extremely interesting, the sur-
viving WD primaries of SN Iax explosions are not ex-
pected to reach velocities higher than 1000 km s−1 and
are not the subject of discussion in this section. We
also draw a distinction here between the hypervelocity
(> 1000 km s−1) WDs we discuss in this work and the
 1000 km s−1 WDs predicted in previous studies that
result from the evolution of non-degenerate survivors
of single-degenerate SN Ia progenitor scenarios (Hansen
2003; Justham et al. 2009).
2.1. Motivation
Mass transfer between two WDs can be dynamically
stable or unstable, depending on the donor’s response
to mass loss, whether or not the mass transfer is conser-
vative, and the degree to which the angular momentum
of the transferred mass can be converted back into or-
bital angular momentum (Marsh et al. 2004). For large
enough mass ratios & 0.2, the accretion stream directly
impacts the more massive WD, and no accretion disk
is formed, which implies inefficient angular momentum
transfer to the orbit. Furthermore, the mass transfer can
be super-Eddington and thus non-conservative. Both of
these effects destabilize the binary, and thus most dou-
ble WD binaries are expected to undergo dynamically
unstable mass transfer.
Double WD binaries with extreme mass ratios . 0.2
can have sub-Eddington accretion rates and form accre-
tion disks, both of which help to stabilize mass trans-
fer. However, Shen (2015) points out that even these
systems can be driven to unstable mass transfer. The
accumulation of the donor’s hydrogen- and helium-rich
layers on the accretor lead to classical-nova-like events
in which the accreted shell expands relatively slowly due
to thermonuclear burning. Dynamical friction between
the donor and the expanding envelope causes the binary
separation to decrease, which increases the mass transfer
rate into the super-Eddington regime and destabilizes
even these extreme mass ratio binaries. This theoretical
possibility is borne out by the relatively low birth rate
of AM CVn systems (Brown et al. 2016), providing ev-
idence that all double WD systems eventually undergo
runaway mass transfer.
In the original double-degenerate scenario (Iben & Tu-
tukov 1984; Webbink 1984), such double WD systems
undergoing dynamically unstable mass transfer coalesce
to form a single merger remnant that explodes as a SN Ia
after ∼ 104 yr. However, recent studies have suggested
that the SN Ia can be triggered during the coalescence
itself due to the presence of helium in the surface lay-
ers of the companion WD, which initiates the SN Ia
explosion via the double-detonation mechanism (Guil-
lochon et al. 2010; Dan et al. 2011; Raskin et al. 2012;
Pakmor et al. 2013; Dan et al. 2015). We term this com-
bination of explosion mechanism, companion star, and
mode of mass transfer the “dynamically driven double-
degenerate double-detonation” (D6) scenario. In fact,
when all appropriate nuclear reactions are accounted for
(Shen & Moore 2014), helium shell detonations, and
subsequent carbon core detonations, may even occur
during the relatively quiescent initial phases of dynami-
cal mass transfer, before the complete tidal disruption of
the companion WD (Pakmor et al. 2013; Shen & Schwab
2017). Thus, there is the exciting possibility that the D6
scenario yields a smoking gun in the form of a surviving
companion WD.
While theoretical confirmation of the existence of a
surviving companion WD awaits future detailed sim-
ulations, several observables suggest it is a necessary
outcome if double WD binaries make up the bulk of
SN Ia progenitors. If fully disrupted, the companion
WD would form a thick torus surrounding the primary
WD (Guerrero et al. 2004; Dan et al. 2014), which would
impart significant asymmetry to the ejecta when the ex-
plosion occurred (Raskin et al. 2014). However, such
asymmetry is at odds with the low levels of polarization
measured in SNe Ia (Wang & Wheeler 2008; Bulla et al.
2016). Furthermore, much of the disrupted WD mate-
rial would remain at low velocities throughout the evo-
lution of the SN (Pakmor et al. 2012). In the late-time
nebular phase, when the SN ejecta becomes optically
thin, oxygen in the disrupted WD material may become
visible as strong, narrow emission features, but these
are almost never detected (although see Kromer et al.
2013 and Taubenberger et al. 2013 for the case of SN
4 Shen et al.
2010lp). Given these observational constraints and the-
oretical motivation, we proceed under the presumption
that most, if not all, SNe Ia leave an intact companion
WD.
2.2. Luminosity
An estimate of the number of runaway WDs that Gaia
will detect requires knowledge of their brightness follow-
ing the SN Ia explosion. As a lower limit, we can assume
that the evolution up to the explosion and its aftermath
have no effect on the companion, so that its luminosity
is the same as that of a WD that has cooled in isolation
since its birth. Using publicly available DB WD cooling
tables1 (Holberg & Bergeron 2006; Kowalski & Saumon
2006; Tremblay et al. 2011; Bergeron et al. 2011), we find
that a 0.6 (1.0)M WD that has cooled for 1 Gyr since
its birth has an absolute visual magnitude of 12.9 (12.8).
However, this declines to 14.3 (14.0) by 3 Gyr. Given
Gaia’s magnitude limit of 21, this lower limit to the lu-
minosity implies a 3 Gyr-old 0.6M WD can only be
seen out to 200 pc, while a 1 Gyr-old 1.0M WD will be
detected out to 400 pc.
However, there are several processes that will increase
the luminosity of the companion above this lower limit
prior to and just after the SN Ia explosion. The most
important of these is likely tidal heating. As the orbit
of the two WDs decays due to gravitational wave emis-
sion, the binary separation shrinks and the less massive
companion begins to feel the tidal field of the primary.
If the companion becomes and remains tidally locked to
the primary, viscous dissipation yields a luminosity at
the onset of mass transfer ranging from 0.15− 1000L,
depending on the component masses (Iben et al. 1998),
far higher than that of an old, isolated WD.
These values represent upper limits to the effects of
tidal heating, as the companion will not be able to main-
tain complete synchronicity with the orbit. Recent work
has found that tidal effects are dominated by the exci-
tation of gravity waves within the companion, which de-
posit their energy and angular momentum near the sur-
face of the WD (Fuller & Lai 2011; Burkart et al. 2013).
These surface layers can be kept near synchronous ro-
tation all the way to the onset of mass transfer, but
since the energy is not deposited deep within the core,
the timescale for this excess heat to be radiated away is
shorter than the typical > 106 yr between the explosion
and the present day for nearby runaway WDs (Section
2.5), and thus the WD would cool and approach the
luminosity of a dim, isolated WD.
1 http://www.astro.umontreal.ca/∼bergeron/CoolingModels
However, as argued by Burkart et al. (2013), the
strength of the WD’s fossil magnetic field should be
more than adequate to maintain solid body rotation be-
tween the outer layers, where angular momentum is de-
posited, and the core, especially if the field is wound up
during the evolution towards solid body rotation. As
the interior of the WD is spun up, it will also be heated
by small scale turbulence at a comparable level to the
dissipation necessary to maintain complete synchronic-
ity with the orbit. In this case, the physical picture
approaches that assumed by Iben et al. (1998), and the
luminosities at the point of Roche lobe overflow (RLOF)
will approach their values. Such luminosities ≥ 0.1L
will be visible to 1 kpc, a distance at which Gaia’s faint
end parallax errors become the primary limitation (Sec-
tion 3). Thus, when calculating the expected number of
runaway WDs Gaia will find in Section 2.5, we limit our
search volume to a sphere around the Sun with a radius
of 1 kpc.
In addition to tidal heating, there are several other
possible mechanisms that may change the appearance
of a surviving companion WD, all of which occur after
the explosion of the primary. The first is due to the
impact of the SN ejecta on the companion, which will
deposit shock energy and may also ablate some mate-
rial from the surface. While similar processes have been
modeled for single-degenerate companions (e.g., Mari-
etta et al. 2000; Pakmor et al. 2008; Liu et al. 2012;
Pan et al. 2014), detailed calculations of the post-impact
state of a surviving WD have not yet been performed,
so quantitative predictions cannot be made (but see Pa-
pish et al. 2015 for a preliminary investigation of some
of these effects). However, given the > 106 yr average
delay between the SN and the present day for local run-
away WDs (Section 2.5) and the much shorter thermal
time at the relatively shallow depths where this shock
energy should be deposited, it seems unlikely that these
effects will still be observable for all but the youngest
WDs within historical SN remnants.
A second mechanism that may heat the surviving WD
is due to the rapid expansion of the exploding primary,
which causes the tidal field felt by the companion WD
to change abruptly. Dissipation during the subsequent
relaxation to a new hydrostatic equilibrium will deposit
heat throughout the WD. However, as in the first case,
most of the tidal deformation occurs near the surface of
the WD, so that most of the dissipation will also be pref-
erentially located at shallow depths where the thermal
timescale is relatively short. As above, given the large
average age of the local surviving WDs, we expect this
excess heat to be negligible except for ex-companions to
historical SNe.
5A final mechanism to increase the surviving compan-
ion’s post-SN luminosity concerns the capture and accre-
tion of 56Ni from the SN ejecta by the surviving compan-
ion. As discussed in Shen & Schwab (2017), much of the
high-entropy 56Ni remains fully ionized as it settles onto
the WD’s surface and cannot decay via standard bound
electron captures until it cools. Thus, the radioactive
decay of this accreted 56Ni can keep the companion WD
relatively bright centuries after the SN has faded.
As mentioned above, detailed calculations of the SN
ejecta’s interaction with the surviving WD have not yet
been performed. This means that stellar evolution cal-
culations, like those in Shen & Schwab (2017), are forced
to rely on simple estimates for the amount of radioactive
material captured and its initial thermal state. As such,
accurate quantitative predictions cannot yet be made.
However, similarly to shock heating by the SN ejecta
and tidal relaxation, it is likely that the delayed radioac-
tive decays only affect the outer layers of the companion
WD, limiting the time when they can contribute to the
luminosity and alter the colors of the WD to centuries.
These effects are important for runaway WDs from his-
torical SNe, such as Tycho, Kepler, SN 185, and SN
1006 (Kerzendorf et al. 2018), but may be negligible
for the much older runaway WDs that should form the
bulk of our candidates. For most of the hypervelocity
WDs Gaia is likely to detect, we expect that the en-
ergy deposited much deeper in the WD’s interior from
tidal heating prior to the SN Ia will likely determine its
present-day luminosity.
2.3. Surface abundances
As discussed in Shen & Schwab (2017), the surviving
WD will capture some of the lowest velocity SN ejecta,
primarily composed of 56Ni. The energy released by the
slowly decaying 56Ni blows a wind from the WD’s sur-
face, ejecting much of the accreted SN ejecta, but some
of the material should remain bound and might be de-
tectable with follow-up high resolution spectra. Unfor-
tunately, as before, the lack of relevant hydrodynamic
simulations makes accurate predictions of the surface
abundances of a surviving WD difficult.
A surviving WD companion should be hydrogen-free,
because the hydrogen layer that most WDs are born
with will have been transferred to the primary and
ejected from the system in the ∼ 1000 yr prior to the SN
(Kaplan et al. 2012; Shen et al. 2013; Shen 2015). Given
the long cooling timescales of the expected Gaia WDs
within 1 kpc, sedimentation may cause heavy metals to
sink (Paquette et al. 1986; Dupuis et al. 1992), leaving
only helium or carbon and oxygen in the atmosphere,
depending on the initial composition of the companion,
but anomalous abundances could potentially still be ob-
servable for the young runaway WDs from Tycho, Ke-
pler, SN 185, and SN 1006. However, this statement
depends on the existence and depth of a surface convec-
tion zone, the thermal profile, and, if the surface layers
remain & 2 × 104 K, the competing effect of radiative
levitation (Chayer et al. 1995a,b). We regard the ex-
pected surface abundances to be uncertain and thus one
of the motivations for follow-up spectroscopy.
2.4. Velocity
Given the uncertainties in the observational character-
istics discussed in the previous sections, the clearest and
most obvious distinguishing feature of a surviving com-
panion WD is its hypervelocity. The orbital velocity of
a companion star during Roche lobe overflow (RLOF),
which will be its runaway velocity once the primary WD
explodes,2 is a function of its mass, M2, radius, R2, and
the mass of the exploding WD, M1:
vrunaway =
√
GM21
(M1 +M2) a
, (1)
where the binary separation during RLOF, a, is approx-
imated by Eggleton (1983) as
a =
R2
0.49
{
0.6 +
(
M1
M2
)2/3
ln
[
1 +
(
M2
M1
)1/3]}
. (2)
We calculate simple mass-radius relationships for iso-
lated helium and C/O WDs, as well as for hydrogen-
and helium-burning non-degenerate companions with
the stellar evolution code MESA (Paxton et al. 2011, 2013,
2015, 2018). The resulting runaway velocities vs. com-
panion masses are shown in Figure 1. We assume the
mass of the exploding WD ranges from 0.85M (lower
boundary of each region) to 1.1M (upper boundary),
as motivated by WD detonation calculations (Sim et al.
2010; Blondin et al. 2017; Shen et al. 2018).
Both non-degenerate and degenerate SN Ia compan-
ions undergo processes that increase their radii as com-
pared to isolated stars. As discussed in Section 2.2, tidal
effects in the D6 scenario lead to dissipation throughout
the companion WD, including near its surface where it
may cause radial expansion. In single-degenerate sce-
narios, the long pre-explosion phase of mass transfer
pushes the donor out of thermal equilibrium and leads
2 In principle, the runaway velocity is somewhat smaller than
the pre-SN orbital velocity due to the portion of the exploding
WD that remains at velocities . vrunaway. However, in practice,
this mass is always < 0.05M (Shen et al. 2018) and will have a
negligible effect on the runaway velocity.
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Figure 1. The companion’s orbital velocity vs. mass at
RLOF. The upper boundary of each region corresponds to
a 1.1M primary WD; the lower corresponds to a 0.85M
primary.
to “thermal bloating” (Knigge et al. 2011). Thus, the
actual companion radii when the SN Ia explosion occurs
may be slightly larger than the radii of isolated stars we
find with MESA. However, since the companion’s orbital
velocity scales as the square root of its radius, a 10%
increase in the radius, e.g., only corresponds to a 5%
decrease in the velocities shown in Figure 1.
It is clear that the runaway velocities of surviving
companion WDs will be markedly different from those
of any other possible companions. A fiducial 0.6M
companion to a 1.0M primary WD will have a run-
away velocity of 1800 km s−1, while the companion of a
near-equal mass ratio 1.0 + 1.0M binary will have a
velocity of 2200 km s−1. At a distance of 1 kpc, these
velocities translate to proper motions of 0.4− 0.5′′ yr−1
if the velocities are in the plane of the sky, easily de-
tectable by Gaia and below the very high proper mo-
tions ≥ 0.6′′ yr−1 where completeness becomes an issue
(Gaia Collaboration et al. 2016, 2018).
2.5. Estimated number of runaway WDs
As discussed in the previous sections, Gaia will only
be able to detect surviving companion WDs that are
relatively nearby (≤ 1 kpc) or that were reheated by
historical SNe and have not yet dimmed significantly.
The SN remnant most likely to host a surviving WD
observable with Gaia is SN 1006, due to its proximity ('
2.2 kpc), low extinction, and lack of crowding (Winkler
et al. 2003). Although Kerzendorf et al. (2018) did not
detect any young WDs on the WD cooling track within
this remnant, it is possible that the accreted iron-group
elements have shifted the spectral energy distribution
redward so that the surviving WD no longer sits on the
WD cooling track. Indeed, some sources . 1 mag redder
than the cooling track do exist within the remnant; we
will specifically target these and other sources within
SN 1006’s remnant in Section 3, as well as performing
searches within the remnants of SN 185 (RCW 86) and
Tycho’s and Kepler’s SNe.
In order to estimate the number of runaway WDs
unassociated with historical SNe within 1 kpc of the Sun,
we require a model for the stellar density as a function
of position within the Milky Way. We assume all the
stars reside in the thin disk, with an exponential scale
length of 2.6 kpc, an exponential scale height of 300 pc,
and a normalization that yields a total stellar mass of
5 × 1010M (Bland-Hawthorn & Gerhard 2016). We
take the Sun’s Galactocentric distance to be 8.2 kpc, its
height from the midplane to be 25 pc, and the Milky
Way’s specific SN Ia rate to be 10−13 SNe yr−1M−1 (Li
et al. 2011a).
With these values and additional assumptions that the
Galactic potential is negligible and that the runaway
WDs all have the same velocity of 1800 (2200) km s−1,
we find the expected number of nearby runaway WDs to
have a Poissonian distribution centered at 28 (23), with
a 95% confidence interval of 17− 39 (14− 33). Of these,
22 (18) will be more than 10◦ off the plane of the Milky
Way and thus will not be subject to significant extinc-
tion or crowding. These numbers are significantly higher
than the . 1 expected hypervelocity stars ejected from
the Galactic center currently passing within 1 kpc (Hills
1988; Brown 2015), so we do not expect contamination
to be a concern. Even if the rate of hypervelocity ejec-
tions from the Galactic center is much higher than previ-
ously thought, luminosities, colors, spectra, and whether
or not their orbits intersect the Galactic center should
allow us to easily differentiate between runaway WDs
and hypervelocity stars.
The cumulative distribution function (CDF) of de-
lay times, tdelay, between the SN explosion and the
present for these local runaway WDs is shown in Figure
2. The average elapsed time for runaway WDs moving
at 1800 (2200) km s−1 is 2.3× 106 (1.5× 106) yr. As dis-
cussed in Section 2.2, this value is longer than the ther-
mal timescale at the depth where gravity waves dissipate
tidal energy, but it is shorter than the thermal timescale
from the center of the WD to the surface. Thus, as long
as significant tidal heating is deposited deep within the
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Figure 2. Cumulative distribution functions of the time
between the SN Ia event that ejected the runaway WD and
the present day. Solid lines represent CDFs for the whole
volume within 1 kpc; dashed lines represent runaway WDs
> 10◦ off the Galactic plane.
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Figure 3. Cumulative distribution functions of the runaway
WD velocity in the plane of the sky. Solid lines represent
CDFs for the whole volume within 1 kpc; dashed lines rep-
resent runaway WDs > 10◦ off the Galactic plane.
companion, these runaways should be visible to at least
1 kpc for Gaia’s limiting magnitude of 21.
A similar CDF of proper motion velocities, vproper, is
shown in Figure 3. Geometric effects imply that the ve-
locity of the WDs in the plane of the sky will be smaller
than their total velocities, but over 80% of the nearby
runaway WDs will still have vproper > 1000 km s
−1. At
a distance of 1 kpc, 1000 km s−1 translates to a proper
motion of 0.2′′ yr−1, which is much larger than the ex-
pected proper motion errors at Gaia’s magnitude limit.
Furthermore, while ∼ 20% of stars with proper motions
≥ 0.6′′ yr may be missing from DR2 (Gaia Collaboration
et al. 2016), only the ∼ 1 runaway WD expected to be
closer than 300 pc will be affected.
3. CANDIDATE SELECTION IN GAIA DR2
Gaia was launched in December 2013 and has been
recording the precise astrometry of billions of stars since
July 2014 (Gaia Collaboration et al. 2016). When its
nominal five-year science mission is complete, it will
have measured parallaxes, $, and proper motions, µ,
of most of the stars brighter than G ' 21. In this sec-
tion, we outline our search strategy and describe the hy-
pervelocity WD candidates found in Gaia’s second data
release (DR2), which occurred on 25 April 2018 and pro-
vided astrometric parameters of ' 1.3× 109 stars.
3.1. Search strategy
The relatively small number (∼ 30) of expected local
hypervelocity runaway WDs within 1 kpc is equivalent to
the number of 6-σ outliers in a normally distributed set
of samples as large as Gaia’s dataset. We must therefore
exercise caution in our search strategy in order to avoid
being overwhelmed by false positives.
We begin by restricting the 1.3× 109 sources to those
with proper motions above a conservative limit equiva-
lent to 1000 km s−1 at 1 kpc. For such proper motions
µ ≥ 211 mas yr−1, the fractional errors are < 0.01, so
we neglect them for simplicity. A $ > 3σ$ cut is also
applied, although two sources with $ < 3σ$ (O1 and
O3 in Table 1) were followed up prior to the implemen-
tation of this cut. The sources are then rank-ordered by
v3σ ≡ µ/($+ 3σ$), where σ$ is the parallax error. By
including the 3σ$ term, we are effectively calculating
the proper motion velocity using the 3-σ$ upper bound
for the parallax.
Since the fractional parallax errors can be ∼ 1, we ap-
ply a Bayesian framework to the top 500 entries to better
quantify the posterior probability that the candidates
are actually hypervelocity WDs. We use an exponen-
tially decreasing space density distance prior (Astraat-
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madja & Bailer-Jones 2016),3 assume the likelihoods of
the parallaxes are normally distributed, and calculate
posteriors
P (r|$,σ$) = P ($|r, σ$)P (r)∫
P ($|r, σ$)P (r) . (3)
Finally, we integrate the posterior with appropriate lim-
its to find the probability, P1000, that the proper motion
velocity is larger than 1000 km s−1, and the probabil-
ity, P1000−3000, that it is bounded between 1000 and
3000 km s−1.
Note that the calculated probabilities, P1000 and
P1000−3000, should not be taken literally, as they may
be strongly influenced by the non-Gaussianity of the
parallax distribution’s tails above ∼ 4-σ$ (Luri et al.
2018). We merely use these probabilities as a guide for
ranking our sources for follow-up.
We slightly alter our strategy to additionally search
for surviving WDs within the four Galactic remnants of
suspected SNe Ia: the remnant of SN 185 (RCW 86),
at a distance of 2.0 − 3.0 kpc (Helder et al. 2013), the
remnant of SN 1006 (2.1− 2.3 kpc; Winkler et al. 2003),
Tycho’s SN remnant (3 − 5 kpc; Hayato et al. 2010),
and Kepler’s SN remnant (3−6 kpc; Sankrit et al. 2005;
Chiotellis et al. 2012). We apply the same search strat-
egy as above, but we relax our proper motion cuts to the
equivalents of 1000 km s−1 at the upper limits for the
remnants’ distances. We also restrict our search regions
to circles around the geometric centers of the remnants
with radii corresponding to proper motion velocities of
4000 km s−1 at the lower limits for the distances. This
high proper motion velocity accounts for the combina-
tion of the surviving companion WD’s velocity and the
initial velocity of the exploding WD and its remnant.
3.2. List of hypervelocity candidates
The Gaia source IDs of seven of the candidates that
we were able to follow up with ground-based instruments
are shown in Table 1, along with their nicknames, which
we will use hereafter, astrometric parameters, values for
v3σ, and probabilities, P1000 and P1000−3000. The as-
sociated photometry from Gaia, PS1 (Chambers et al.
2016), and Skymapper (Wolf et al. 2018) and the tele-
scopes used to follow up the sources are shown in Ta-
ble 2, along with comments about the individual stars.
None of the searches within the Galactic SN Ia remnants
revealed any obvious hypervelocity candidates.
3 Other priors, such as a uniform distance prior, were also tried,
but they do not significantly affect the ordering of the candidate
list.
4. ANALYSIS OF THE HYPERVELOCITY
CANDIDATES
The seven candidates listed in Tables 1 and 2 were
followed up at the Bok telescope (2.3-m), the Nordic
Optical Telescope (NOT, 2.5-m), the Shane telescope at
the Lick Observatory (3.0-m), and the Southern African
Large Telescope (SALT, 9.8-m). Of these seven can-
didates, the spectra show that four (nicknamed O1-O4)
are ordinary-looking hydrogen-rich stars whose true par-
allaxes are likely much larger than measured, implying
they are nearby stars with more pedestrian proper mo-
tion velocities. We do not discuss these stars here fur-
ther. We now turn to the three remaining candidates.
4.1. Spectroscopic follow-up
The SALT data for D6-1 were obtained through Di-
rector’s Discretionary Time (proposal 2017-2-DDT-005,
PI: Jha) and made use of the Robert Stobie Spectro-
graph (RSS), with a 1.5′′ wide longslit and the PG0900
grating, resulting in a spectral resolution λ/∆λ ≈ 900
over the wavelength range 392− 713 nm. The data were
reduced with a custom pipeline that incorporates rou-
tines from PyRAF and PySALT (Crawford et al. 2010).
D6-2 and D6-3 were observed using the ALFOSC spec-
trograph on the Nordic Optical Telescope, located at
Roque de Los Muchachos on La Palma. All observa-
tions were taken using Gr4, which covers the region from
3400 − 9000 A˚ at low resolution, and a 1′′ slit oriented
at the parallactic angle. Weather conditions were excel-
lent, with seeing below 1′′. Spectra were reduced using
the dedicated pipeline ALFOSCGUI. Overscan and bias
subtraction and flat fielding were performed before 1D
spectra were optimally extracted. The dispersion solu-
tion for the spectra was obtained from arc lamps taken
with the same configuration as the science spectra at
the start of the night. In addition, a linear wavelength
shift was applied to each spectrum based on sky emission
lines. Telluric absorptions have been corrected for us-
ing observations of a spectrophotometric standard. The
resolution of the spectra (as measured from narrow sky
lines in the spectra) was ∼ 15 A˚, while the S/N ratio for
D6-2 and D6-3 was ∼ 25.
Radial velocities (RVs) were measured via cross-
correlation against the MILES library, comprising nearly
1000 stellar templates (Sa´nchez-Bla´zquez et al. 2006;
Falco´n-Barroso et al. 2011). We used the rvsao (Kurtz
& Mink 1998) implementation of the Tonry & Davis
(1979) algorithm. We find over one hundred good
matches in the template library for each of D6-1, D6-
2, and D6-3, based on the reported r statistic (ranging
from r = 4 to 8). We average the resulting RVs and take
the scatter across templates to be indicative of the scale
9Figure 4. Identification spectra of the three runaway WD candidates (black) compared to SDSS spectra of WDs with large
photospheric abundances of oxygen (blue), oxygen/magnesium/silicon (red) and carbon (green). The major lines of oxygen and
carbon are indicated by blue and green tickmarks, respectively, near the bottom. Hydrogen and helium WD atmospheres (cyan)
are clearly ruled out. Regions of the spectrum affected by telluric absorption are indicated in gray at the top of the figure. The
spectra of the three D6 candidates are available as data behind the figure.
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Table 1. List of candidate hypervelocity WDs followed up in this work
Gaia DR2 ID Nickname R.A. Dec. Parallax µα∗
a µδ
b v3σ
c P1000
d P1000−3000e
(degrees) (degrees) (mas) (mas yr−1) (mas yr−1) km s−1
5805243926609660032 D6-1 249.3819752 -74.3434986 0.471± 0.102 −80.3± 0.1 −195.9± 0.2 1293 1.00 0.79
1798008584396457088 D6-2 324.6124885 25.3737115 1.052± 0.109 98.4± 0.2 240.4± 0.2 894 0.98 0.98
2156908318076164224 D6-3 283.0078540 62.0361675 0.427± 0.126 9.0± 0.2 211.5± 0.3 1247 1.00 0.57
2050179518946705152 O1 291.3306894 36.4500600 0.237± 0.317 −137.6± 0.6 −214.7± 0.6 1018 1.00 0.17
4396109004117478656 O2 237.5476987 -7.8881665 2.186± 0.225 −359.7± 0.5 −228.4± 0.3 706 0.37 0.37
5884527618445501056 O3 238.9823874 -55.4937974 0.360± 0.571 90.0± 0.8 −268.9± 0.8 649 1.00 0.20
1820931585123817728 O4 296.3894478 17.2130727 0.574± 0.076 −82.4± 0.1 −149.5± 0.1 1010 1.00 1.00
aHeliocentric proper motion in right ascension.
bHeliocentric proper motion in declination.
cHeliocentric proper motion velocity calculated using the 3-σ$ upper bound of the parallax.
dProbability that the proper motion velocity is larger than 1000 km s−1.
eProbability that the proper motion velocity is bounded by 1000 and 3000 km s−1.
Note—This is not a complete list of the most highly ranked hypervelocity WD candidates. It only shows the stars that were followed up in this
work.
Table 2. Photometry and follow-up of hypervelocity WD candidates
Nickname Gaia PS1 Skymapper Telescope Comments
G GBP GRP g r i z y u g r i z
D6-1 17.4 17.6 17.1 — — — — — 18.4 17.6 17.4 17.4 — SALT D6 WD candidate
D6-2 17.0 17.1 16.7 17.1 17.0 17.1 17.2 17.2 — — — — — NOT D6 WD candidate
D6-3 18.3 18.4 18.0 18.6 18.3 18.3 18.4 18.5 — — — — — NOT D6 WD candidate
O1 17.0 17.6 16.0 18.0 17.0 16.5 16.2 16.1 — — — — — NOT Ordinary star
O2 18.0 18.8 17.1 19.1 19.1 18.1 17.5 17.2 — — — — — Bok Ordinary star
O3 17.8 — — — — — — — — 16.7 16.0 — — SALT Ordinary star
O4 16.0 16.5 15.2 — — — — — — — — — — Shane Ordinary star
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of potential systematic uncertainties. We note that
cross-correlation among D6-1, D6-2, and D6-3 them-
selves results in a much higher r ' 15, showing that
these spectra are much more similar to each other than
they are to entries in the template library. The resulting
RV shifts are shown in Table 3.
Figure 4 shows the spectra of D6-1, D6-2, and D6-
3. An RV shift of 1200 km s−1 is applied to D6-1,
while the spectra of D6-2 and D6-3 are unshifted. The
spectra contain a multitude of absorption features. No
transitions of hydrogen or helium are detected, ruling
out canonical atmosphere compositions (Kleinman et al.
2013). Comparison with unusual WDs identified by
SDSS (Ga¨nsicke et al. 2010; Gentile Fusillo et al. 2015;
Kepler et al. 2016) clearly reveals strong features of car-
bon, oxygen, magnesium, and calcium in the three can-
didates. Based on their GBP − GRP colors, which are
slightly redder than those of GD 492, SDSS 1102+2054,
and SDSS 1140+1824 (see Section 4.3), we estimate ef-
fective temperatures of ' 8000 K. Determining accu-
rate atmospheric parameters for stars with such unusual
compositions will require higher-quality spectroscopy.
As discussed in Section 2.3, the absence of hydrogen is
expected for a surviving D6 WD, as it would have been
transferred stably to the primary WD and ejected from
the system prior to the explosion. The non-detection of
helium is unconstraining due to the relatively low surface
temperatures. In fact, in their modeling of GD 492, a
hypervelocity star spectroscopically similar to our three
candidates, Raddi et al. (2018b) find significant helium
is required even though it is not directly observable.
Figure 5 shows a zoomed-in portion of the D6-1, D6-
2, and D6-3 observed wavelength spectra, highlighting
the region near the Ca ii H&K lines. It is clear that
D6-1 has a radial velocity shift of 1200 km s−1, as shown
by the red lines. However, D6-2 and D6-3 have RVs
consistent with being < 100 km s−1. These very low
RVs cast doubt on the interpretation of these stars as
hypervelocity stars: it seems unlikely that these stars
would have a combination of very high proper motion
velocities but very low RVs. As a check, all the Gaia
proper motions were confirmed through examination of
the fields of these candidates in epochs 1 and 2 of the
Digitized Sky Survey, and also the Sloan Digital Sky
Survey (Alam et al. 2015) for D6-2. In all cases the
long baseline proper motions are consistent with Gaia’s
values. If we assume that the measured parallaxes of
D6-2 and D6-3 are instead systematically incorrect and
that the transverse velocities of D6-2 and D6-3 are a
more typical 100 km s−1, then the implied distances are
∼ 100 pc. This would suggest absolute magnitudes of
G = 12−13. Thus, a possible interpretation is that these
Figure 5. Zoom-in of the spectra for D6-1, D6-2, and
D6-3. Observed wavelengths have been transformed to the
heliocentric frame but are otherwise uncorrected for RV
shifts. The Ca ii H&K lines for D6-1 are clearly shifted
by 1200 km s−1, as shown by the red lines, while the same
features are consistent with their rest wavelength values for
D6-2 and D6-3.
two objects are faint, nearby white dwarfs and that the
parallax measurements have extremely large systematic
uncertainties.
On the other hand, the Gaia noise values for D6-2 and
D6-3 imply clean measurements. Moreover, D6-1’s ex-
tremely high RV makes its proper motion velocity credi-
ble.4 Finally, the fact that all three candidates, selected
for their extreme proper motion velocities, are similar to
each other and to GD 492, another hypervelocity star
(Vennes et al. 2017; Raddi et al. 2018b,a), suggests that
the proper motion velocities of D6-1, D6-2, and D6-3 are
indeed very high.
4.2. Posterior velocity distributions and orbital
solutions
To emphasize the extreme nature of D6-1, D6-2, and
D6-3, Figure 6 shows the posterior distributions of their
total Galactocentric velocities. These posteriors were
derived by sampling the distance posteriors (equation 3),
as well as sampling the RVs and proper motions within
their assumed Gaussian uncertainties, and applying a
4 D6-1’s RV was confirmed on a subsequent night, ruling out
the possibility that the high RV is due to orbital motion in a tight
binary system.
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Figure 6. Posterior probabilities of total Galactocentric ve-
locities for D6-1, D6-2, and D6-3. An exponentially decreas-
ing space density distance prior is used, and the parallax,
proper motion, and RV errors are assumed to be normally
distributed.
Table 3. Velocity information of the hypervelocity candidates
Nickname RVhelio
a vproper,helio
b vGalacto
c
(km s−1) (km s−1) (km s−1)
D6-1 1200± 40 2200 [1400− 6800] 2300 [1600− 6600]
D6-2 20± 60 1200 [700− 1500] 1300 [1000− 1900]
D6-3 −20± 80 2400 [1700− 11100] 2400 [1400− 9000]
aHeliocentric radial velocity, with 68.3% uncertainties.
bHeliocentric proper motion velocity, posterior maximum with 99.7%
credible intervals.
cTotal Galactocentric velocity, posterior maximum with 99.7% cred-
ible intervals.
heliocentric to Galactocentric coordinate transformation
with astropy (The Astropy Collaboration et al. 2018).
Further velocity information is listed in Table 3. D6-1,
D6-2, and D6-3 have high probabilities of being three of
the fastest known stars in the Milky Way, possibly only
surpassed by pulsars kicked from core collapse SNe and
the stars in close orbit around the Galactic center.
Samples of the orbital solutions for the candidate hy-
pervelocity stars are shown in Figures 7, 8, and 9, calcu-
lated with galpy (Bovy 2015) and assuming an MWPo-
tential2014 gravitational potential and an exponentially
decreasing space density distance prior as before. It is
clear that all three candidates are unbound from the
Milky Way and that almost none of the orbital solutions
passes near the Galactic center. Taken as a group, it is
highly unlikely that the hypervelocity nature of these
stars is due to Galactic center ejection.
4.3. Color-magnitude diagram and possible
interpretation
In Figure 10, we show a color-magnitude diagram us-
ing Gaia’s GBP − GRP color and the absolute Gaia
G-band magnitude, assuming the measured values of
the parallax. Black points and colored regions show a
random sub-sample of 5.7 × 106 stars from Gaia DR2
with accurate parallaxes ($/σ$ > 30), clean astrome-
try (astrometric excess noise < 1) and low redden-
ing (|b| > 30◦). Our three hypervelocity candidates,
GD 492 (Vennes et al. 2017), US 708 (Hirsch et al. 2005;
Justham et al. 2009; Geier et al. 2015), and the three
peculiar SDSS WDs from Figure 4 are shown as colored
symbols.
D6-1, D6-2, and D6-3 form a relatively tight grouping
in color-magnitude space that includes GD 492. These
four stars currently have radii between typical WDs and
main sequence stars, similar to subdwarf stars; GD 492’s
radius is estimated to be 0.2R (Raddi et al. 2018a).
However, if they had previously been helium-rich sub-
dwarf companions of exploding WDs in SN Ia systems,
Figure 1 shows that their velocities would be well below
1000 km s−1. There have been some suggestions that
GD 492 is instead the bound WD remnant of a SN Iax
explosion that has received a large kick due to asym-
metric mass ejection or due to the disruption of the
binary system upon instantaneous mass loss (Vennes
et al. 2017; Raddi et al. 2018b,a). However, the pre-
dicted kicks in these systems due to asymmetric mass
ejection range from only ten to several hundred km s−1
(Fink et al. 2014; Long et al. 2014), far below the ob-
served velocities of the D6 stars. The orbital velocity
of a Chandrasekhar-mass WD in a tight binary with a
helium star can approach GD 492’s velocity, but it can-
not explain the even higher velocities of D6-1, D6-2, and
D6-3.
These three stars, and possibly also GD 492, may in-
stead be the surviving companion WDs of D6 SNe Ia.
While they are clearly not typical WDs now, mecha-
nisms discussed in Section 2.2 that were active during
the phase of dynamical mass transfer prior to the SN Ia
and the post-explosion evolution may have deposited
enough energy to lift the degeneracy of the outer layers
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Figure 7. Sample realizations of D6-1’s orbital solutions (past trajectories in blue; future trajectories in red). The Milky Way’s
thin disk is overlaid in gray contours. A face-on view is shown in the left panel; the right panel shows an edge-on perspective.
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Figure 8. Same as Figure 7, but for D6-2’s orbital solutions.
and cause the WDs to temporarily appear as subdwarf
stars just after the explosion.
Our expectation was that most of the excess energy
would be deposited near the surface of the WD, where it
would be radiated away on relatively short timescales,
so that the stars would quickly return to being dim,
typical-looking WDs. This could indeed be true, mak-
ing it difficult to observe the majority of the runaway
WDs in the Solar neighborhood. However, a small frac-
tion of these stars will have experienced SNe Ia much
more recently than the average runaway WD, possibly
rendering them still bright enough to observe.
A similar calculation to the one described in Section
2.5 yields 300− 400 runaway WDs within the ∼ 65 kpc3
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Figure 9. Same as Figure 7, but for D6-3’s orbital solutions.
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Figure 10. Color-magnitude diagram of the three hyper-
velocity candidates, GD 492, US 708, and three chemically
peculiar WDs (colored symbols). Black circles and colored
regions show reliably measured stars from Gaia.
volume in which we observed D6-1, D6-2, and D6-3. If
we include GD 492, we have observed 1% of the poten-
tial nearby runaway WDs, which corresponds to stars
ejected more recently than ∼ 4× 104 yr (Fig. 2). Thus,
D6-1, D6-2, D6-3, and possibly GD 492 may just repre-
sent the small portion of runaway WDs that have been
violently altered by SNe Ia so recently they have yet to
evolve back into typical-looking WDs.
US 708, a hypervelocity helium-rich subdwarf, sits
blueward of this group. It is possible that, as stars like
D6-1, D6-2, D6-3, and GD 492 radiate the deposited en-
ergy and contract, the unseen helium that Raddi et al.
(2018b) require in their best-fit models of GD 492’s spec-
trum becomes directly observable as the photosphere be-
comes hotter. Thus, these stars could evolve to appear
like US 708 on their way back to the WD cooling track.
Future observations and detailed stellar evolution cal-
culations and spectral modeling will help to test all of
these intriguing possibilities.
4.4. D6-2’s association with SN remnant G70.0-21.5
Motivated by the possibility that these four stars may
have been ejected from the sites of SNe Ia ∼ 4× 104 yr
ago, we search for existing SN remnants along their past
orbital solutions up to their positions ∼ 105 yr ago. We
use the online catalogs of D.A. Green5 and G. Ferrand6,
as well as the Open Supernova Catalog7 (Guillochon
et al. 2017). Additionally, we searched data from the
ROSAT All-Sky Survey for SN remnant sources that
emit soft X-rays.
For stars D6-1, D6-3, and GD 492 we find no SN rem-
nant candidate sources along the past velocity vectors.
We note that this does not rule out their association
with a SN, because SN remnants can dissipate into the
interstellar medium on timescales ranging from a few
thousand years up to a few hundred thousand years,
depending on the remnant. Furthermore, the regions
around these three stars lack high-quality Hα imaging,
5 https://www.mrao.cam.ac.uk/surveys/snrs
6 http://www.physics.umanitoba.ca/snr/SNRcat
7 https://sne.space
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so limits on the non-existence of remnants are not con-
straining.
However, as shown in Figure 11, D6-2’s position
9 × 104 yr in the past places it 0.9 deg from the ap-
proximate geometric center of the faint, old SN remnant
G70.0-21.5. This remnant, first identified by Fesen et al.
(2015), consists of a shell of Hα filaments, along with
several other spectral lines only associated with slowly
moving, radiative shocks from an old SN remnant. Ad-
ditionally, Fesen et al. (2015) report faint ROSAT X-ray
emission from near the center, another indication of a
SN remnant.
Of the known remnants, G70.0-21.5 lies furthest from
the Galactic plane, suggesting it was produced by a
SN Ia. The distance to G70.0-21.5 inferred from its
shock velocities is 1 − 2 kpc, consistent with D6-2’s
parallax-measured distance of 1.0± 0.1 kpc. Fesen et al.
(2015) also conclude that the remnant is quite old, per-
haps between several 104 and 105 yr. The probability of
a chance alignment between D6-2’s past position and the
projected center of an unassociated SN remnant that is
at a consistent distance and has a consistent age is likely
very small, especially given the lack of any other obvi-
ous SN remnants in the VTSS images of this region.
However, this probability should be quantified in future
work.
At a distance of 1 kpc, G70.0-21.5’s height below the
Galactic plane is 400 pc, matching D6-2’s height 105 yr
ago. D6-1 and D6-3 were farther from the plane at that
time: 700 and 1200 pc, respectively. Such offsets are
reasonable since SNe Ia can occur in old stellar popula-
tions and the thick disk’s scale height is 900 pc (Bland-
Hawthorn & Gerhard 2016). Furthermore, D6 survivors
that were recently ejected from closer to the Galactic
plane would suffer higher extinction and could be unob-
servable. Thus, these three D6 candidates may represent
more than just 1% of the 300 − 400 expected survivors
within 2.5 kpc, after accounting for those that remain
obscured at low Galactic latitudes.
While D6-2 did not pass exactly through G70.0-21.5’s
center as reported by Fesen et al. (2015), the approx-
imate determination of the center of this aspherical
remnant makes such a comparison difficult. Moreover,
G70.0-21.5’s advanced age means that its appearance
is heavily influenced by the structure of the inhomo-
geneous surrounding interstellar medium, further com-
plicating determination of the site of the explosion. We
thus do not regard the 0.9 deg offset between D6-2’s past
position and Fesen et al. (2015)’s reported center as ev-
idence against the association.
It is not possible to rule out other SN remnants present
in this field that are even older, fainter, and more diffuse
than G70.0-21.5. At some point, as SN remnants age,
they simply dissolve away into the interstellar medium,
below any possible threshold of detection. Nonethe-
less, the close association between D6-2 and a known
SN remnant, G70.0-21.5, is quite tantalizing. Though
the remnant is at a very advanced evolutionary stage,
it may be possible to follow up the X-ray emission with
deeper observations to determine the ejecta abundances,
and thus, the SN type. We note that while none of
the other hypervelocity runaway candidates are associ-
ated with known SN remnants, they also all lack high-
quality Hα imaging, which is how G70.0-21.5 was dis-
covered. Future observations will ascertain if any of the
remaining candidates’ remnants are observable but are
so faint they have been missed by previous lower-quality
searches.
5. CONCLUSIONS
We have searched Gaia’s second data release for
hypervelocity runaway WDs that survived dynami-
cally driven double-degenerate double-detonation (D6)
SNe Ia. We followed up seven candidates with ground-
based telescopes. Of these, three are consistent with
being hypervelocity runaway stars that were previously
the WD companions to primary WDs that exploded as
SNe Ia. One candidate is also closely associated with a
faint, old SN remnant at a distance consistent with the
candidate’s measured parallax.
One lingering puzzle is the very low RV measured for
two of the hypervelocity stars. However, given these two
stars’ close photometric and spectroscopic match to the
third star, which does have a large RV, and the associa-
tion of one of the low RV stars with a SN remnant, the
peculiar RVs may just be a statistical fluctuation due to
small numbers. Future detection and characterization
of more D6 survivors will hopefully ease this tension.
While the candidates are much brighter and have
larger radii than expected, plausible mechanisms exist
that may have changed the appearance of these hyper-
velocity runaway stars for a short time following the
SN Ia explosion. If validated by future high-resolution
spectroscopy and detailed stellar evolution calculations
and atmospheric modeling, these stars would confirm
the success of the D6 scenario in producing SNe Ia. Fu-
ture study of these candidate D6 survivors would also
shed important insight on the physics of double WD bi-
naries and the aftermath of SN Ia explosions, including
tidal heating, stellar ablation, and ejecta deposition.
The increased luminosity of the three D6 candidates
raises the possibility that such survivors could be ob-
servable within relatively close and young SN remnants
such as Tycho, Kepler, and SN 1006. However, previ-
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Figure 11. The orbital solution of D6-2 overlaid on Hα images from Virginia Tech Spectral Line Survey (VTSS; Dennison et al.
1998). The blue and red trajectories extend 9 × 104 yr into D6-2’s past and future, respectively. The green circle encompasses
the remnant of G70.0-21.5.
ous searches within these remnants, including one de-
signed to look for hot surviving WD companions, and
our search using Gaia DR2 have failed to find any con-
vincing candidates. It is possible that D6 survivors do
exist within these remnants but are presently too faint or
too red or blue to be easily disentangled from the other
stars. Future analysis and modeling will help to discover
or constrain the existence of surviving WDs within these
remnants.
Several candidates, undiscussed here, remain to be fol-
lowed up. Furthermore, given the large parallax uncer-
tainties near the magnitude limit of DR2, it is likely that
more such stars exist but are hiding in the data. Ded-
icated work and future Gaia data releases may be able
to tease out more candidates in the coming years.
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